The Materials Chemistry Department 1846 has developed a lab-scale chem-prep process for the synthesis of PNZT 95/5, a ferroelectric material that is used in neutron generator power supplies. This process (Sandia Process, or SP) has been successfully transferred to and scaled by Department 14192 (Ceramics and Glass Department), (Transferred Sandia Process, or TSP), to meet the future supply needs of Sandia for its neutron generator production responsibilities. In going from the development-size SP batch (1.6 kg/batch) to the production-scale TSP powder batch size (10 kg/batch), it was important that it be determined if the scaling process caused any "performance-critical" changes in the PNZT 95/5 being produced. One area where a difference was found was in the particle size distributions of the calcined PNZT powders. Documented in this SAND report are the results of an experimental study to determine the origin of the differences in the particle size distribution of the SP and TSP powders.
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Introduction Purpose
The Materials Chemistry Department 1846 has developed a lab-scale chem-prep process for the synthesis of PNZT 95/5, a ferroelectric material that is used in neutron generator power supplies (refer to SAND98-2750, Solution Synthesis and Processing of PZT Materials for Neutron Generator Applications, for an overview of the process). This process (Sandia Process, or SP) has been successfully transferred to and scaled by Department 14192 (Ceramics and Glass Processing Department), (Transferred Sandia Process, or TSP), to meet the future supply needs of Sandia for its neutron generator production responsibilities.
In going from the development-size SP batch (1.6 kg/batch) to the production-scale TSP powder batch size (10 kg/batch), it was important to determine if the scaling process caused any "performance-critical" changes in the PNZT 95/5 being produced. The particle size distribution (PSD), as well as compositional homogeneity of a powder, can play a role in the powder's densification, and subsequently in the electrical response and performance of the voltage bars fabricated from the sintered material when explosively functionally tested. Routine measurements have shown a PSD difference between SP and TSP powders. Documented in this SAND report are the results of two experimental studies to determine the origin of the PSD difference between the SP and TSP powders.
Background
PNZT Powder Synthesis Overview
The transfer of the SP process to Department 14192 for scale-up began during the summer of 1999. During the first two years of the process transfer, over 50 TSP batches were prepared, addressing numerous processing issues and parameters (details of which will be documented elsewhere). At the point of this study, a nominal set of processing conditions was identified. These were structured to match the SP development process as closely as possible as well as incorporating necessary modifications to meet the constraints of process scale-up. The SP16 series were prepared using synthesis equipment similar to that used for the synthesis of TSP powder (shear mixer, stirrers and pumps). An overview of the original SP process and the scaling effort to TSP can be seen in the flow chart ( Figure 1 ). Outlined below are key synthesis parameters used in both processes: § preparation of the lead acetate solution one day prior to synthesis; § filtering of the oxalic acid/n-propanol solution (5 mm Whatman Polycap 75 HD filter); § n-butoxides of Zr, Ti and Nb/glacial acetic acid mix time of 5 minutes (termed "alkoxides/glacial acetic acid solution) prior to addition to the Pb acetate solution; § Pb acetate and alkoxides/glacial acetic acid solution mixed for 30 minutes (termed "metals solution") prior to the precipitation reaction; § metals solution added to the oxalic acid/n-propanol solution at a pump setting of ~55 rpm (Cole Parmer L/S Hazardous duty pump, Model P-07583-50; pump head Cole Parmer, Model 7529-10); § beginning with TSP22 and SP16H, the shear mixer operated at 1750 rpm (T50DX Ultra Turrax w/ 550N-G45F Dispersing Tool, IKA Works, Inc.) followed by an additional 5 minute shear mix period upon completion of the metals solution addition; § stirred and aged the precipitant slurry for 90 minutes.
Synthesis condition variations:
The principal difference between the SP and TSP synthesis routes was the volume of reagent chemicals used. As a result of scaling the powder synthesis process from the 1.6 kg/batch SP size to the 10 kg/batch TSP size, 6.25 times the amount of chemicals are used for the TSP batches relative to the SP. The alkoxides/glacial acetic acid solution, upon completion of the 5-minute mix time, was not filtered in the SP process, but, for the TSP process, the solution was filtered (5 mm Whatman Polycap 75 HD filter) prior to addition to the Pb acetate solution. Also, due to its clarity, the lead acetate solution used in SP batches was not filtered as was done for TSP batches (5 mm Whatman Polycap 75 HD filter). Due to the flexibility allowed for the development-scale SP batches, the addition rate of the metals solution to the oxalic acid/n-propanol solution was varied (between ~18 and ~55 rpm for the peristaltic pumpthe same model pump and tubing size is used for both the SP and TSP processes). The addition rate for the TSP batches was not varied from its baseline set point of 55 rpm.
Post-synthesis Processing Conditions
The post-synthesis processing conditions vary for the SP and TSP batches. The main difference in the two processes is the method of filtration of the precipitant slurry prior to oven drying. A general outline for the processes is given below. SP Post-Synthesis Processing (1.6 kg final oxide powder): § The ~12 L of precipitant slurry generated in an SP batch was vacuum filtered (KNF Neuberger, Inc. Laboport Model N840.3 FTP vacuum pump) in four 3 L sintered glass fritted filters (~6.2 inch diameter each, "medium" frit) until a cracked filter cake was produced (~1-2 hours). § The entire "wet" filter cake/filter assembly was covered with gauze and placed into a Blue M Friction-Aire (Model HS1202E) drying oven for ~140 hours at ~88°C. Upon drying, the cakes, which were chunky in character, were transferred to two large pails and broken up manually to a crumbly powder. § The powder was pyrolyzed (400°C for 16 hours, split equally among 10 alumina crucibles, 14 x 19 x 4 cm, no air flow, furnace described below) and ball milled for 7 hours (11.2 pounds of 3/8 inch ZrO 2 media in a 1 gallon wide mouth Nalgene bottle). § For powders referred to in this SAND report, the media and powder were separated using a CSC Scientific Sieve Shaker utilizing a stacked array of sieves (No. 4 and No. 20 U.S.A. Standard Sieves, ASTM) at an intensity setting of 3.5 to 5 for 3 minutes per sieve loading. The powder plus media were placed onto a No. 4 (alternately, No. 10) sieve; the +20 mesh fraction (>850 mm) was captured and isolated from the powder fraction collected for calcination. § The powder was calcined at 900°C for 16 hours (split evenly among 3 covered alumina crucibles, 14 x 19 x 4 cm). Two furnaces, a Fisher Isotemp muffle furnace (650 Series Model 126) and a Thermolyne muffle furnace (Model 6000), were used for high temperature powder processing. Both furnaces were used for the pyrolysis cycle. For calcination, only the Fisher Isotemp furnace was used.
TSP Post-Synthesis Processing (10 kg final oxide powder): § The precipitant slurry generated in a TSP batch (~85 L) was vacuum filtered (house vacuum) in two 24-inch diameter polyethylene fritted filters lined with Whatman No. 3 ash less filter paper. Due to the large volumes of flammable solvents (n-propanol) in the slurry and equipment safety concerns, the precipitant slurry was allowed to filter/dry over the course of six days. During this filtering/drying period, the filter cakes were manually broken and mixed twice daily on days 1, 2, 5, and 6 after synthesis. Following the filtering/drying period, the cake (precursor powder) was further dried using a Hotpack drying oven (Model 217602-4) per the procedure below. This process was followed through batch TSP53, at which point, a Blue M Friction Aire oven (Model HS-3802-G) replaced the Hotpack drying oven (beginning with TSP54, July 2001). This new oven alleviated the equipment safety concerns, and permitted overnight vacuum filtration of the slurry prior to oven drying. This became the standard baseline condition beginning with TSP61 (with no manual break-up of the filter cake). § After filtering, the precursor powder was loaded into 8-10 Pyrex trays (9 x 13 x 2 inch), covered with gauze and dried at 88°C (overnight or up to ~1.5 days). The oven-dried powder was pyrolyzed (in the same glass trays as loaded for drying) at 400°C for 16 hours (air flow of 150 scfm) and then ball milled in two 15 L Nalgene carboys containing 38 pounds of 1/2 inch ZrO 2 media for 15 hours. § For powders referred to in this SAND report, the media and powder were separated using a CSC Scientific Sieve Shaker utilizing a stacked array of sieves (U.S.A. Standard Sieve, ASTM) at an intensity setting of 3 for 3 minutes per sieve loading. The powder plus media were placed into two No. 4 sieves stacked upon a No. 20 sieve; the +20 mesh fraction was captured and isolated from the powder fraction collected for calcination. § The powder was calcined at 900°C for 16 hours (split evenly among 6 crucibles of size 15 x 20 x 11 cm, each covered with an inverted crucible, 18 x 23 x 12 cm). A Lindberg Treet-All box furnace (Model 11-MT-183618-21AM) was used for the high temperature powder processing.
Experimental Particle Size Analysis Overview
The particle size distribution for powders described in this report were determined on calcined powders (900°C for 16 hours) using a Coulter Model LS230 particle size analyzer. Sample preparation involved using a 50 mg aliquot of the powder, wetted with 2 drops of Darvan 821A dispersant (R.T. Vanderbilt, 40% solution) to form a fluid paste, and then diluted with 20 mL of degassed, filtered (0.2 mm) tap water. The slurry was stirred and ultrasonically dispersed simultaneously (Heat Systems Model W375 sonicator, with a 1/4 inch micro tip, operated at 50% duty cycle and 50% power) for three minutes prior to analysis. An aliquot of this slurry was then introduced into the Coulter sample cell for the analysis. Three PSDs were obtained per aliquot, and the average distribution was calculated from these three PSD runs. To repeat an analysis, a fresh slurry sample was prepared as just described.
Experimental Procedure
The TSP powders have typically contained a small volume of particles greater than ~10 mm. SP16 series powders show negligible material >10 mm (see Figure 2) . The large particles seen in the TSP material (up to 80 mm) can lead to sintered-state defects such as porous regions, cusp pores, cracks, etc. These types of defects are suspected of reducing the performance characteristics of voltage bars. To identify the possible sources of the >10 mm fraction, two experiments were performed: one with SP batch processing, and one with TSP batch processing. Both experimental batches were split into sub-batches in an attempt to correlate the effects of the filtering and drying steps with the PSD differences between the development and production-scale processes. See Figure 3 for a flow diagram describing the SP and TSP synthesis experiments.
SP16T Powder Synthesis--Comparison of "SP-like" and "TSP-like" Filtering/Drying Conditions
All of the SP development (1.6 kg) batches were synthesized in Building 897, however, batch SP16T was synthesized using the nominal SP conditions, but synthesized in Building 878 using the TSP production equipment (excluding the glassware for the metals solution). The slurry was divided post-synthesis to evaluate the effect of "SP-like" and "TSP-like" filtering/drying processes on the particle size of the powder. The SP process is a single batch process in which the precipitation reaction (reaction of the metals with the oxalic acid/n-propanol precipitant solution) occurs in 6-17 minutes, depending on the selected metals solution flow rate (SP16T reacted in 12 minutes).
SP16TA: This portion of the batch was processed to model an SP batch. Approximately 25% of the ~12 L slurry was vacuum filtered (house vacuum in Building 878) in one 3 L sintered glass fritted ("SP") filter until a filter cake was formed (2.3 hours). The "wet" filter cake/filter assembly was oven dried (Blue M oven located in 897/2081) for 140 hours at ~88°C. Upon drying, the manual breakup of the oven-dried powder was done in one plastic pail. The powder was pyrolyzed at 399°C or 412°C (two furnaces were used) in 3 crucibles, followed by ball milling for 7 hours (424 g pyrolyzed powder with 1428 g of 3/8 inch ZrO 2 media in a 1 L wide mouth Nalgene bottle). The media and powder were separated as described per the SP Post-Synthesis Processing above (No. 10 and No. 20 U.S.A. Standard Sieves, ASTM) at an intensity setting of 3.5 to 4 for 3 minutes per sieve loading. A +20 mesh fraction of 1.24g was collected. The powder was calcined at 903°C for 16 hours in 1 covered crucible.
SP16TB: The remaining slurry from SP16T was filtered to emulate TSP postsynthesis processing conditions. The filtering and oven drying steps were done in Building 878. The slurry was vacuum filtered in an 18-inch diameter polyethylene fritted filter (lined with Whatman No. 3 ash less filter paper) for 24 hours. The very dry oxalate precursor powder cake (~1.5 inch thick) was broken up in the filter and loaded into two Pyrex trays and dried in the Hotpack drying oven for ~24 hours at 88°C. The dried powder sat uncovered in the drying oven over the weekend at room temperature prior to pyrolysis. The powder was pyrolyzed at 399°C or 412°C (two furnaces were used) in 7 crucibles, and ball milled for 7 hours (764 g pyrolyzed powder with 2571g of 3/8 inch ZrO 2 media in a 0.5 gallon wide mouth Nalgene bottle). The media and powder were separated as described earlier (No. 4 and No. 20 U.S.A. Standard Sieves, ASTM) at an intensity setting of 3.5 to 5 for 3 minutes per sieve loading. A +20 mesh fraction of <0.1g was collected. The powder was calcined at 903°C for 16 hours in 2 covered crucibles.
To eliminate processing variables between these two sub-batches, they were pyrolyzed and calcined side by side during the same furnace runs (furnaces located in Building 897).
TSP57 Powder Synthesis Series-Comparison of Three Different Filtering/Drying Conditions
A ten kg TSP batch was prepared using nominal TSP synthesis conditions and was divided post-synthesis into three sub-batches to evaluate if varying filtering/drying processes affects powder particle size distributions (see Figure 3 flow diagram). The 10 kg/batch TSP chem-prep synthesis process consists of precipitating four (2.5 kg) sublots prepared sequentially (reaction of the metals solution with the oxalic acid/n-propanol precipitant solution) over the course of ~2 hours. The descriptions of the sub-batches for filtering/drying conditions are outlined below. Sub-batches TSP57A and TSP57B were processed through calcination in Building 878 per normal TSP processing. Powders TSP57A and 57B were pyrolyzed in separate furnace runs, but calcined in the same furnace run. TSP57SP was processed post-filtering in Building 897 per normal SP processing.
TSP57A (3.4 kg):
The precipitant slurry remaining from synthesis sublot 3 (after the TSP57SP aliquot was removed--see below), combined with the slurry from synthesis sublot 4, was vacuum filtered (filter #2) overnight prior to being dried in the Blue M drying oven for 31 hours in four Pyrex trays. The oven-dried powder was pyrolyzed (separately from TSP57B) followed by ball milling for 15 hours (3272 g pyrolyzed powder with 38.2 lbs. of 1/2 inch ZrO 2 media) in a 15 L Nalgene carboy. Separation of the media from the powder was accomplished as per the TSP Post-Synthesis Processing section as described above. A +20 mesh fraction of 5.19g was collected. After a fourday delay, the powder was calcined in 3 crucibles.
TSP57B (5.0 kg): The precipitant slurry from synthesis sublots 1 and 2 was vacuum filtered (filter #1) for six days (with manual powder break-up of the filter cake twice daily on days 1, 2, 5 and 6 after synthesis) prior to being dried in the Blue M drying oven for 28 hours in four Pyrex trays. After pyrolysis, the powder was ball milled for 15 hours (4559 g pyrolyzed powder with 38.6 lbs. of 1/2 inch ZrO 2 media) in a 15 L Nalgene carboy. Separation of the media from the powder and calcination of the powder was done as described for TSP57A. The +20 mesh fraction collected for this sub-batch was 55.5g.
TSP57SP (1.6 kg): A volume of precipitant slurry (~12 L) from synthesis sublot 3 was filtered in four 3 L sintered glass fritted (SP) filters in Building 878 using house vacuum (~1.5 to 2 hours until a filter cake formed). The filters were transferred to Building 897 for post-synthesis processing using SP conditions and equipment as described in the SP Post-Synthesis Processing section above. After oven drying for 140 hours, and manual break-up, the powder was pyrolyzed at 397°C or 408°C (two furnaces were used) in 10 crucibles, followed by ball milling for 7 hours (1530 g pyrolyzed powder with 11.2 lbs. of 3/8 inch ZrO 2 media) in a 1-gallon wide mouth Nalgene bottle. The media and powder were separated as previously described (No. 4 and No. 20 U.S.A. Standard Sieves, ASTM) at a setting of 3.5 to 4 for 3 minutes per sieve loading. A +20 mesh fraction of 1g was collected. The powder was calcined at~ 900°C for 16 hours in 3 covered crucibles.
Results and Discussion
SP16T Powder Series Particle Size Distributions
The PSD for the two sub-batches from this SP batch are shown in Figure 4 and summarized in Table 1 . As has been typical for the SP16 powders, there is no tail for SP16TA (the SP-like processed sub-batch). However, SP16TB, the TSP-like processed sub-batch, contains 8-10 volume % of particles greater than 9.82mm. Since this 1.6 kg SP batch was synthesized using TSP equipment (excluding the glassware for the metals solution), these results point to the difference in filtering/drying as being the source of the large particle size fraction in the SP16TB sub-batch. (The weekend delay between drying and pyrolyzing the material is not expected to affect PSD.) It should be noted that thẽ 75% volume of precipitant slurry of SP16TB (~9 L), when filtered in the 18 inch diameter polyethylene fritted filter, resulted in a very dry cake of ~1.5 inch thick after 24 hours of vacuum filtration. In comparison, the filter cake thickness of a 10 kg TSP batch (2 @ 24 inch diameter funnels) is ~4.5 inch after filtration.
A second interesting observation is the difference in the sintered density, as shown in Table 1 . The SP-like sub-batch (SP16TA, HF905) has a density ~0.09 g/cc higher than that of either of the two high fires processed from the TSP-like sub-batch (SP16TB). This is consistent with earlier observations, where the SP powders tend to have higher sintered densities than the TSP powders. Also, these slugs had higher than normal open porosities of 2.1% (SP16TA) and ~3% (SP16TB). Due to the limited quantities of either SP16TA or SP16TB powders, a manual method was used to mix the binder solution and pore former into the PNZT powder, rather than the typical, twin-shell, blending process. The higher open porosity may be due to the difficulties of mixing small amounts of binder (2% HA4) and pore former (1.8% Avicel) into the PNZT powder. 
TSP57 Powder Series Particle Size Distributions
The PSD for the three sub-batches of TSP57 are shown in Figure 5 . A significant particle size distribution fraction >10 mm is seen for all three sub-batches regardless of the filtering/drying conditions used for the sub-batches. It is apparent, for the synthesis of TSP57, that the method of filtration/oven drying of the oxalate precursor powder does not affect the PSD of the final calcined powder, assuming that ball mill conditions had no effect. Also, as shown in Figure 5 , there does not appear to be a difference in the PSD using the one-day (TSP57A) vs. the six-day (TSP57B) vacuum filtration cycle in conjunction with the use of the Blue M drying oven for the 88°C drying. Table 2 shows the post-synthesis processing and characterization data for the three subbatches of TSP57. Again, consistent with the SP16T and previous SP and TSP run data, the SP-like sample (TSP57SP) had the highest sintered density. Also, it had the lowest +20 mesh fraction, indicating that it behaved differently with respect to the ball milling process or the ball milling processes themselves are different. 
Conclusions
Comparing the PSD results for these two series of powder synthesis experiments reveals interesting observations, which are somewhat inconclusive. First, when a SP-synthesized powder is filtered and dried under TSP-like conditions, the large particle size fraction tail is present (SP16TB). This indicates that the TSP filtering and drying conditions negatively influence the final agglomeration state of the resulting calcined powder. The large agglomerates (>10 mm) can adversely affect powder consolidation and subsequent densification during sintering. The question is whether or not the tail is dependent solely on the TSP filtering and drying steps. The results from the TSP57 batch study show that apparently this is not the case. For TSP57, all three sublots had a significant volume fraction of material greater than 10 mm -even for the SP-like filtered and dried sample (TSP57SP). This indicates that at least some of the agglomerates that make up the >10 mm size particle size fraction in the final powder are formed during the TSP precipitation step.
The filtration step may also contribute to the formation of the larger agglomerates. Consider the fact that the largest fraction of particles > 10 mm was for powder SP16TB -the sublot of the SP batch that was filtered and dried like a TSP batch. As previously discussed, although this sample was treated "TSP-like," there were significant differences in how it was filtered from a standard TSP batch. This was because the quantity of precipitate for this sub-lot sample was significantly smaller than a standard TSP filter sublot. Because of the reduced amount of precipitate, it had a much thinner filter cake (thickness of 1.5 in. versus 4.5 in. for a standard TSP). As a result of the filter cake being thinner, the fraction of precipitate that was in contact with the filter was much higher than for a standard TSP cake. If large size agglomerates are formed in that portion of the cake that is in contact with or close to the filter, then the SP16TB should have the largest PSD tail -as was the case. A possible reason increased agglomeration may occur in the region at or around the cake/filter interface, is that this portion of the cake experiences the largest compaction pressure during vacuum filtration. The increased pressure may produce denser, stronger agglomerates that do not breakdown during subsequent processing.
Although not definitive, the results of this work have shed light onto where the larger agglomerates in the TSP PNZT 95/5 powders are formed. It appears that they form both during precipitation and filtration/drying (the effects of ball milling have not been investigated). Their importance with respect to impacting PNZT performance will be the subject of a future SAND report. TSP57A "1 day vacuum dry" TSP57B "6 day vacuum dry" TSP57SP "SP-like processing"
